Egg yolks can be used for the mass production of polyclonal antibodies for general binding purposes such as detection and neutralization. The intended use of egg antibodies can be limited by the value of the egg for food uses. A series of experiments were conducted to determine if spent hens could be used as a viable source of eggs for the production of egg antibodies. Experiments were designed to determine the effects of hen age and molting on egg production of an antibody to a commercially relevant soluble protein antigen (SPA). The titer, or relative concentration of antibody to SPA in the egg, was determined by enzyme-linked immunosorbent assay. The total yield of antibody from spent hens, as compared with first-cycle hens, was estimated based on antibody titer, egg-laying frequency, and egg weight. From wk 3 to 5 after primary immunization, old hens 104 wk of age had increased egg antibody titer to SPA as compared with young hens 20 wk of age. Egg-laying frequency and egg size did not correlate with egg antibody titer. Molting had minimal effects on titer of egg antibody to SPA; hence, molted spent hens are viable as a source of hens for the production of egg antibody. Total egg antibody yield of a flock was positively correlated with total egg mass yield because the egg antibody titer (relative concentration) was independent of egg production. Although molted spent hens produce less total egg mass than first-cycle hens, the total antibody yield may not differ significantly because of the increased antibody titer of each egg.
DESCRIPTION OF PROBLEM
In the avian species, maternal serum antibodies are deposited into the egg yolk to confer passive immunity to the chick; therefore, egg yolks of laying hens have served as a source of polyclonal antibodies for many commercial uses. Chicken egg antibodies have been shown to be equivalent to mammalian serum antibodies as detection reagents in certain applications [1] . Novel uses of egg antibody have been developed for the prevention and treatment of gastrointestinal infections [2, 3] . Polyclonal egg yolk antibodies have been mass-produced by immu-nizing commercial flocks of laying hens against one or more target antigens, including bacteria, viruses, toxins, venom, and proteins [4, 5] .
Although the egg can provide a very inexpensive source of reagent-grade antibodies, the cost of egg production has remained a significant barrier for the expanded use of value-added egg antibodies for some commercial applications (e.g., animal feed supplements). For example, new commercial applications of egg antibodies can be developed if fewer eggs with higher antibody content are needed to achieve efficacy. An inexpensive source of hens could also decrease the cost of egg antibody production. After 2 production cycles, hens 110 wk of age are considered "spent," according to Bell and Weaver [6] . Although spent hens may no longer be valued for economic production of eggs or egg products for human consumption, they may continue to have value for production of polyclonal egg antibodies; hence, aged hens may not be considered spent. The use of the aged laying hen may be a means to reduce egg production costs for the purpose of producing large quantities of polyclonal antibodies. Because aged hens produce fewer eggs and the eggs are larger than those from hens at peak production [7] , the first objective of this study was to assess the effect of hen age and the relationship between the rate of lay and egg size on egg antibody titer, or relative concentration.
A molting process has often been used to improve egg production in aged hens. Typically, first-cycle hens are molted at 65 wk of age, and second-cycle hens are molted at 105 wk of age [6] . Feed withdrawal has been the conventional method used to induce molt in commercial laying hens for the purpose of restoring egg-laying performance. Some have reported adverse effects of molting on the immune response of the hen [8, 9] ; hence, the second objective was to determine the effect of molt induction by feed withdrawal on the antibody response of the laying hen to a commercially relevant soluble protein antigen (SPA).
The value of using spent hens as a producer of polyclonal egg antibody was determined by measuring the humoral antibody immune response to SPA in commercial Single Comb White Leghorn (SCWL) hens. Antibody to SPA deposited in the egg yolk was used as a commercially relevant end point. The model used was similar to that described by Trott et al. [10] , and egg yolk antibody concentrations reflected serum antibody concentrations in response to SPA immunization [11] . Yolk antibody titer to SPA was determined by enzyme-linked immunosorbant assay (ELISA) and was reported beginning at peak antibody production [10, 12] .
MATERIALS AND METHODS

Antibody Response to SPA
The antigen selected for comparing the antibody response of hens was phospholipase A 2 (PLA 2 ) purified from porcine pancreas [13] . Phospholipase A 2 was used because it is a commercially relevant immunogen and our laboratory has been using it as a model antigen [10] .
Hens were immunized according to the methods described by Trott et al. [10] . The primary immunization for each hen consisted of 3 mg of PLA 2 dissolved in 0.5 mL of PBS and emulsified with 0.5 mL of Freund's complete adjuvant (FCA) [14] . Seven days after the primary immunization, each hen received a booster injection containing 3 mg of PLA 2 dissolved in 0.5 mL of PBS and emulsified with Freund's incomplete adjuvant [14] . All injections (primary and booster) were administered i.m. into the breast and thigh of each hen (1 mL/hen at 0.25 mL/ injection site).
ELISA
The anti-PLA 2 antibody content of egg yolk samples was measured by an ELISA developed in our laboratory [10] . A 96-well Nunc-Immuno Plate with MaxiSorp surface [15] was coated overnight (100 μL/well) with PLA 2 [16] diluted 1:300 in 50 mM sodium bicarbonate. After washing, the plate was blocked (175 μL/well) for at least 1 h with PBS containing 1% BSA [17] . Water-extracted egg antibody samples were obtained when liquid egg yolk samples (200 µL) were extracted with 1.8 mL of acidified PBS (pH 5) overnight [10, 18] . The extraction mixture was centrifuged at 1,500 × g for 10 min, and the supernatant was further diluted to 1:8,000 with PBS containing 1% BSA (approximately pH 7). In addition to the weekly egg yolk samples, an in-laboratory standard was applied to each ELISA plate. The standard applied to each plate consisted of a 2-fold serial dilution from 1:2,000 to 1:64,000 of water-extracted egg yolks from hens immunized against PLA 2 in a previous trial. After coating, blocking, and washing the plate, duplicate samples and the in-laboratory standard (100 μL/well) were incubated for 30 min on the plate, followed by washing (6×). The detection antibody, goat anti-chicken IgG-Fc conjugated with horseradish peroxidase [19] , was diluted 1:5,000 in PBS and added to the wells (100 μL/ well) for 15 min, followed by washing (8×). Substrate solution (50 mM sodium acetate) containing 0.1 mg/mL of tetramethyl benzidine and 3 mM H 2 O 2 was added (120 μL/well) for color development (approximately 5 min), and the enzymatic reaction was stopped by addition of 50 μL of 0.5 M H 2 SO 4 /well. Absorbance at 450 nm was measured [20] , and data, expressed as log 2 titer, were calculated by comparing samples with the in-laboratory standard. Titer, the relative concentration of antibody specific to SPA, was defined as the highest dilution of sample with an optical density equal to the standard diluted 1:64,000. The fold-change in titer attributable to age or molt was reported [21] .
Experiment 1
Single Comb White Leghorn hens at the University of Wisconsin-Madison Poultry Research Laboratory were individually housed in cages with raised bottom floors. To eliminate possible nutritional effects, diets were not formulated according to age or production level. Hens were fed, ad libitum, a standard corn-and soybean meal-based laying hen diet formulated to meet or exceed nutrient requirements. Hens were maintained under a lighting schedule with a 16L:8D cycle. All procedures involving animals were approved by the College of Agriculture and Life Sciences' Animal Care Committee at the University of Wisconsin-Madison.
Forty Hy-Line W-98 hens [22] , 20 or 104 wk of age at the time of primary immunization, were used to determine the correlation of antibody titer with egg size and egg-laying frequency. Hens 104 wk of age had never been molted and were used to compare the antibody response of aged hens with low egg production (n = 20) with that of young hens at the beginning of egg production (n = 20). Hens at each age were randomly selected for the experiment regardless of egg production. All hens were housed under the same management conditions at the University of Wisconsin Poultry Research Laboratory for at least 4 wk before primary immunization.
Weekly egg yolk samples were collected on wk 3, 4, 5, 6, 7, 8, 10, and 11 after primary immunization for measurement of antibody titer by ELISA. The time of egg collection was consistent with the known peak egg antibody titer [10] and commercial practices for the mass production of polyclonal egg antibody. Egg production and egg weight data from 3 to 5 wk after primary immunization were used to determine the predictive value (R 2 ) of egg production and egg weight for antibody titer in a linear regression model.
Experiment 2
Single Comb White Leghorn hens at the University of Illinois at Urbana-Champaign Poultry Research Unit were housed in raised wire cages, 30 × 46 cm, containing 3 hens per cage. Hens were fed a standard corn-and soybean mealbased laying hen diet ad libitum and were maintained under a lighting schedule with a 17L:7D cycle. All procedures involving animals were approved by the Animal Care Committee at the University of Illinois.
In experiment 2, antibody response of hens near the end of first-cycle production was compared with antibody response of hens near the end of second-cycle production. First-cycle hens (n = 36) were 58 wk of age at the time of primary immunization and were not molted. Second-cycle hens (n = 36) were 110 wk of age at the time of primary immunization and were previously molted at 69 wk of age by the 10-d feed-withdrawal method described below [23] . Hens at each age were randomly selected for the experiment regardless of egg production. Hens were immunized as described above, and eggs were collected once per week from 3 to 8 wk after primary immunization for measurement of egg yolk antibody titer by ELISA. A group of nonimmunized first-cycle hens (n = 36) were kept in cohort housing during experiment 2 for use in experiment 3 ( Figure 1 ).
Experiment 3
Hens housed at the University of Illinois at Urbana-Champaign Poultry Research unit were used to determine the effect of molt on antibody response to SPA. In this experiment, hens were assigned to 1 of 4 experimental treatment groups arranged as a 2 × 2 factorial. Hens were either immunized or not immunized before molt induction, and hens were either molted or not molted (Figure 1) . Six replicate groups of 3 hens were assigned to each of the 4 treatment groups. The source of hens (n = 36) used for experiment 3 was the same as the source of first-cycle hens used in experiment 2. As described, a group of these hens (n = 36) had received a prior immunization at 58 wk of age, whereas a cohort of 36 hens from the same flock were not immunized. When the first-cycle hens were 68 wk of age, one-half the hens that had previously been immunized (n = 18) and one-half the nonimmunized cohort group (n = 18) were molted as described below (also see Figure 1 for experimental design). The nonmolted hens from each immunization group were fed ad libitum throughout the molt period and the subsequent experimental period. After the molting period was complete (hen age = 75 wk), hens not previously immunized received a primary immunization containing SPA in FCA. At 76 wk of age, all hens received a booster immunization containing SPA in Freund's incomplete adjuvant. Primary and booster injections were prepared and administered in the same manner as described for experiment 1. Eggs were collected from 2 to 7 wk after the booster immunization for measurement of egg yolk antibody titer by ELISA.
Molt was induced according to the conventional feed-withdrawal method described by Biggs et al. [23] . Feed was withdrawn for 10 d. A corn-and soybean meal-based recovery diet was were used to conduct experiment 1. Hens 110 wk of age (n = 36) or 58 wk of age (n = 72) at the beginning of experimentation were used to conduct experiments 2 and 3. Spent hens 110 wk of age had been molted previously, whereas hens 58 wk of age were nonmolted. One-half the hens that were 58 wk of age (n = 36) were used in experiment 2, and the other half of the hens (n = 36) were kept in cohort housing until experiment 3. In experiments 1 and 2, hens received primary immunization, followed by booster immunization 1 wk later. Experiment 3 was a 2 × 2 factorial design, and previously immunized hens were either molted (n = 18) or not molted (n = 18) at 68 wk of age, and received booster immunizations at 76 wk of age. Cohort-housed hens were either molted (n = 18) or not molted (n = 18) at 68 wk of age, and received primary immunizations at 75 wk of age, followed by booster immunizations at 76 wk of age. In each experiment, an enzyme-linked immunosorbent assay was used to measure antibody content of eggs collected from wk 3 to 8 after primary immunization. A log 2 egg antibody titer to phospholipase A 2 in egg yolk samples from Single Comb White Leghorn hens 20 (dark bars) or 104 wk (light bars) of age, collected on wk 3 to 11 after primary immunization, was determined by enzymelinked immunosorbent assay (A). Data, expressed as mean ± SEM, were analyzed by the MIXED procedure of SAS [24] with repeated measures to determine the main effect of hen age (P = 0.004) and the interaction effect of hen age × week (P = 0.003). Within-week effects of age are indicated (***P < 0.001). Linear regressions and R 2 values were generated to determine the correlation of antibody titer with laying frequency (B) and egg weight (C).
fed for 18 d, consisting of 16% CP, 2,963 kcal/ kg of ME, 2.0% Ca, and 0.25% P; thereafter, a standard corn-and soybean meal-based diet was fed ad libitum. At the beginning of the molt period, hens were exposed to a reduced photoperiod of 10 h/d. The photoperiod was increased to 12 h after 3 wk and to 13 h after 4 wk. Thereafter, the photoperiod was increased by 30 min each week until it was 17 h. Water was provided ad libitum throughout the experiment.
Statistical Analysis
Data collected from the experiments were analyzed by the MIXED procedure using the SAS commercial statistical program [24] . For each experiment, weekly egg antibody titer data were analyzed by repeated measures; the probability of a treatment difference (P) is reported in the Results and Discussion section and in each figure. Within-week effects of age or molt are reported if there was a significant age × week or molt × week interaction effect. Linear regressions and predictive values (R 2 ) were generated for experiment 1 [25] .
RESULTS AND DISCUSSION
Antibody titers reported in the figures represent the peak antibody titers maintained for several weeks [26] . A change in log 2 titer of 1 unit represented a 2-fold change in the concentration of antibody specific for the antigen; hence, a 1-unit change in log 2 titer represented a 2-fold change in the amount of egg yolk required for a commercial application. Fold increases in titer were calculated using dilutions, rather than log 2 titer, because the dilution was a measure of the quantity of antibody need for a specific biological activity [21] .
Experiment 1
In the first experiment, the effect of hen age on the ability to produce antibodies to SPA was investigated. In this study, the old hens had never been molted and the young hens were coming into production. When data were analyzed by repeated measures over the entire study period (wk 3 to 11 after primary immunization), the average antibody titer of egg yolks from hens 104 wk of age (log 2 titer = 16.83) was 1.5-fold higher than the antibody titer of egg yolks from hens 20 wk of age (log 2 titer = 16.25; P = 0.004; Figure 2A ). An age × week interaction effect (P = 0.003) was detected and within-week effects of age were determined. Eggs from older hens had significantly increased titers relative to eggs from young hens at wk 3 to 5, but not thereafter. From wk 3 to 5, the average antibody titer of egg yolks from hens 104 wk of age (log 2 titer = 16.87) was 2.4-fold higher than the antibody titer of egg yolks from hens 20 wk of age (log 2 titer = 15.62; P < 0.001; Figure 2 ). After wk 3 to 5, there was no difference in antibody titers of egg yolks from old or young hens.
Increased antibody response to immunization against SPA in older hens as compared with younger hens has been reported previously [10, 27] . Trott et al. [10] reported that older hens 48 wk of age had an increased antibody response to SPA (PLA 2 ) as compared with younger hens 26 wk of age. Bollen and Hau [27] reported that older hens 78 wk of age immunized with SPA (human IgG) in FCA had consistently higher titers than younger hens 22 wk of age. In the study reported here, older hens had significantly higher titers (1.5-fold of younger hens) over the 11-wk study period; however, the effect of age on total antibody yield was negligible because of differences in egg production (see calculations below).
Young hens at the beginning of egg production had 1.7-fold higher hen-day egg production than older hens (45 vs. 26%, respectively; P = 0.002), but produced 23% smaller eggs than older hens (51 vs. 66 g, respectively; P = 0.046). When egg mass and laying frequency were considered in determining the total yield of egg antibody, the 1.3-fold increase in total egg mass produced from the young hens nearly offset the 1.5-fold increase in antibody titer of the older hens. Although the calculated total antibody yield could be better estimated using yolk weight rather than whole egg weight, it was concluded that old hens near the age of a typical spent hen [6] might have utility for egg antibody production if egg production could be improved through a molting process without adversely affecting antibody response.
One possible reason older hens produced eggs with higher antibody titers or concentrations was that they had reduced laying frequency. The variation in both egg size and laying frequency between the hens used in this experiment allowed us to study the relationship between egg mass or laying frequency and egg antibody titer. When laying frequency ( Figure 2B ) or egg size ( Figure 2C ) was regressed against antibody titer for the eggs laid by both the young and old hens from wk 3 to 5, no relationship was found. The R 2 for egg-laying frequency vs. titer of eggs from young and old hens was 0.075 and 0.001, respectively ( Figure 2B ). The R 2 for egg weight vs. titer of eggs from young and old hens was 0.026 and 0.014, respectively. The lack of relationship between egg production and antibody titer suggests that the improved antibody response of the older hens was independent of the rate of egg production. This observation is consistent with previous research that reported no relationship between egg production and egg antibody titer [28] . Li et al. [28] found that SCWL and Rhode Island Red hens immunized with BSA had eggs with similar titers, even though SCWL hens had greater egg weights and a greater percentage of hen-day production. Hence, these results suggest that the cost of antibody production from eggs is dependent on the total mass of eggs produced over a given period of time and the associated costs of maintaining the laying flock and processing the eggs. The observation that the older hen may have an increased ability to produce an egg with a higher antibody titer would suggest that older hens have value for producing egg antibodies if a sufficient level of egg production can be maintained. Inducing molt in older spent hens would be necessary to maintain egg production; hence, the effect of molt on the ability of the older hen to produce and deposit antibodies into the egg yolk warranted study.
Experiment 2
The effect of age or molt on the antibody response of hens to SPA, as measured by egg yolk antibody titer, was studied using hens near the end of first-cycle production, 58 wk of age, that were not molted and hens near the end of second-cycle production, 110 wk of age, that were molted previously. Unlike the findings of experiment 1 and previous research comparing the antibody response of hens of different ages [10, 27], there was no overall difference in antibody titer of egg yolks from molted hens 110 wk of age (log 2 titer = 14.23) and nonmolted hens 58 wk of age (log 2 titer = 14.19; P = 0.81; Figure  3 ). There was an age × week interaction effect (P = 0.01), and a significant difference in egg antibody titer between hens was observed at wk 3 after primary immunization. The antibody titer of egg yolks from molted hens 110 wk of age (log 2 titer = 14.25) was 1.6-fold higher than the titer of egg yolks from nonmolted hens 58 wk of age (log 2 titer = 13.56) at wk 3 after primary immunization (P = 0.001; Figure 3) . The difference in egg antibody detected at wk 3 could have been due to age effects, as seen in experiment 1; alternatively, the difference in titer could have been due to an effect of molt or a combined effect of age and molt.
The failure to show that older second-cycle hens have an increased ability to produce and deposit higher titers of egg antibody specific to SPA as compared with younger first-cycle hens may have been a function of hen age used in this study (58 wk of age was considered young) or the introduction of a molting process in the second-cycle hens. Additionally, older hens were not molted before immunization in previous research [10, 27] . Because most spent hens that could eventually be used for egg antibody production would require molting to rejuvenate egg production, studying the effects of molt on hen antibody response to SPA was considered relevant. A third study was conducted to investigate more carefully the effects of molting on the ability of the hen to produce egg antibodies. As shown in Figure 1 , some hens from experiment 2 were used in experiment 3 to determine the effect of molt on the memory antibody response of hens of the same age and flock. The effect of molt on the primary antibody response was investigated using a previously nonimmunized cohort group of hens of the same age and flock ( Figure 1 ).
Experiment 3
Experiment 3 consisted of 4 experimental treatment groups arranged as a 2 × 2 factorial. The main effects in this study included induced molt (molted or not molted) and timing of primary immunization (before or after induced molt). When all data were analyzed as a 2 × 2 factorial, the antibody titer of eggs from hens immunized before molt induction (log 2 titer = 15.16) was 62% of the antibody titer of eggs from hens immunized after molting (log 2 titer = 15.86; P < 0.001; Figure 4A and 4B). A possible explanation for this result was that the memory antibody response (antigen recall) of hens immunized before molt induction was significantly less than the primary antibody response of hens immunized after molting. There was no effect of molt on egg yolk antibody titers when analyzed as a 2 × 2 factorial; however, immunization × molt interaction effects (P < 0.05) were detected. Because the main objective of experiment 3 was to investigate the effects of molt on antibody response, the data were analyzed and presented within each immunization treatment to determine the effect of molt on memory and primary antibody responses ( Figure 4A and 4B, respectively).
There was no overall effect of molt on hen memory antibody response from wk 2 to 8 after booster immunization (P = 0.36; Figure 4A) . These data clearly demonstrate that molting hens previously injected with an SPA had no adverse effect on the subsequent ability to produce antibody.
There was an overall effect of molt on the primary antibody response of hens from wk 3 to 9 after primary immunization ( Figure 4B ). The antibody titer of egg yolks from molted hens (log 2 titer = 15.76) was 88% of the antibody titer of egg yolks from nonmolted hens (log 2 titer = 15.95; P = 0.04; Figure 4B ). Although molt induction slightly decreased the overall hen antibody response to immunization (12%), this antibody suppression effect may explain the results from experiment 2. The expected result of increased antibody to SPA in older hens may not have been detected if molting before immunization suppressed the antibody response. The ability of the hen to respond to new antigenic challenges is thought to be reduced during molt [8, 9] ; therefore, allowing more time between molting and immunization might prevent the suppressive effect of molt on hen antibody response to new SPA. Overall, these data suggest only minor effects of molting on hen antibody response, as measured by egg yolk antibody, when a new antigen is administered after molting.
Molt induced by feed deprivation or nonfeed-withdrawal methods has raised some concern about hen welfare because of stress biomarkers associated with physiological adaptations to molting [8, 9] . Although Webster [9] concluded that feed deprivation during molt induction was not necessarily detrimental to hen health, molting of laying hens induced stress, as measured by increased plasma corticosterone and decreased circulating lymphocyte counts [29] [30] [31] [32] . Despite increased levels of stress biomarkers associated with molting, the antibody response to SRBC, as measured by agglutination, was unaffected [29, 33] or was only temporarily decreased [31] . In agreement with these previously reported results, molt induction does not appear to have major effects on memory or primary antibody response to SPA.
The utility of molted hens for antibody production will be determined by the total antibody yield of molted hens in a second or third production cycle. The typical molting age of first-and second-cycle hens has been 65 and 105 wk of age, respectively [6] . Eggs from second-cycle hens have utility as table eggs; however, hens are considered spent at 110 wk of age [6] . In our experiments, the antibody concentration of egg yolks from hens 104 wk of age in experiment Effect of molt on egg yolk antibody titer. A log 2 egg antibody titer to phospholipase A 2 in egg yolk samples, collected weekly (2 to 8 wk) after the booster immunization, was determined by enzyme-linked immunosorbent assay. Single Comb White Leghorn hens were either molted or not molted at 68 wk of age. The memory antibody response of hens was compared in nonmolted (dark bars) and molted (light bars) hens that had received a primary immunization at 58 wk of age (before the molt period) and a booster immunization at 76 wk of age (A). The primary antibody response was compared in nonmolted (dark bars) and molted (light bars) hens that received a primary immunization at 75 wk of age (after the molt period) and booster immunizations at 76 wk of age (B). Data, expressed as mean ± SEM, were analyzed by the MIXED procedure of SAS [24] with repeated measures to determine the main effect of molt on memory (P = 0.36) and primary antibody response (P = 0.04). There were no molt × week interaction effects.
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